SUMMARY: In the Sixth Catalog of Orbits of Visual Binary Stars we found those belonging to the Main Sequence to form a sample containing 432 visual binaries. Their total masses were obtained dynamically, i.e. they were calculated using the orbital elements and the new Hipparcos parallaxes. For the same pairs the total mass was also found astrophysically -by applying the mass-luminosity relation. The apparent magnitudes of the components were found in two different ways: by deriving them from total magnitudes and magnitude differences, and by taking their values directly from a catalogue. The results for these two approaches show no essential discrepancy. The values of total masses obtained dynamically have a large dispersion involving even completely unrealistic values. This is a clear indication that the input data are not sufficiently reliable. Nevertheless, in a large number of cases the agreement between total masses obtained by us in two different ways is quite satisfactory indicating that i) for many visual binaries, as a rule not too distant and with high-quality orbital elements, the dynamical total masses can be reliable; ii) the mass-luminosity relation yields quite satisfactory estimates for the component masses when they belong to the Main Sequence and iii) a correlation between the relative parallax error and orbit grade exists.
INTRODUCTION
As a result of publishing the Hipparcos Catalogue (ESA 1997) trigonometric parallaxes became available for a large number (about 100 000) of stars, including visual binaries. In their case, of course if we have orbital elements, accurate trigonometric parallaxes are important because one can then calculate the total masses via Kepler's third law (e. g. , Söderhjelm 1999 , Balega et al. 2002 .
The database for the orbital elements is the Sixth Catalog of Orbits of Visual Binary Stars where the data concerning 2024 orbits of 1888 double or multiple stars are given. All orbits are graded on a 1-5 scale (1 =defini-tive, 2 = good, 3 = reliable, 4 = preliminary and 5 = indeterminate). The best grade (1) characterizes a very low fraction (about 3% only). Many orbits were determined from low-precision measurements or from those covering a short orbital arc. Consequently, such orbits have worse grades and their improvement is necessary.
Besides, in the case of many binaries a large body of photometric and spectroscopic data, updated regularly, is also available: apparent magnitudes of components m A and m B , as well as spectral types (Sp), can be found in the Washington Double Star Catalog, WDS, ). There are alternative sources of the photometric data: total apparent magnitudes (Johnson magnitude m t ) can be found in Hipparcos; they should be combined with magnitude differences ∆m, contained most completely in the Second Photometric Magnitude Difference Catalog, SPMDC, which was till recently available in the Washington database. This catalogue is now superseded by the new Third Photometric Magnitude Difference Catalog, TPMDC 1 . For many stars (about one third) of our sample in TPMDC the magnitude difference is not available. For this reason our source of the magnitude difference was SPMDC. It is very well known that apparent magnitudes combined with distances enable us to estimate the individual masses of binary components. Therefore, it is also important that the photometric data are accurate enough.
Among the input data, the distances certainly occupy an important place since with accurate distances one directly calculates the absolute magnitudes and true semimajor axes rather than estimating them on the basis of the luminosity class, spectral type (if available), and masses expected on this basis. More accurate orbital elements followed by more accurate parallaxes (which will be available after GAIA astrometric mission) will contribute to calculate the total masses with an error much smaller than the current ones.
The intention of the present authors is to examine the data mentioned above within a sample of binaries more closely. The aim of this examination is to reach a better insight into the quality and reliability of these data. This may be useful in identifying those binaries for which some of the given data require a substantial improvement.
It is then of interest to compare the masses determined in such a way (astrophysically) to the masses of binaries determined via Kepler's third law (dynamically).
A preliminary version of this study was presented during IAU Symposium 240 in Prague within the framework of the IAU General Assembly in August 2006 (Ninković and Cvetković 2007) .
Unlike the preliminary version where we used the old Hipparcos parallaxes (ESA 1997), here we use the new Hipparcos parallaxes (van Leeuwen 2007) obtained in the framework of a new reduction of the Hipparcos astrometric data (van Leeuwen and Fantino 2005) , and new orbital elements announced in the meantime. It should be expected that improved parallaxes will contribute, on the one hand, to obtaining more reliable masses of binaries from the orbital elements and, on the other hand, to estimating the reliability of the orbital elements themselves.
PROCEDURE
In the Sixth Catalog of Orbits of Visual Binary Stars we find 432 pairs which, according to the data given in WDS, belong to the Main Sequence (MS): for 67 of them the spectral types for both components followed by the designation V (MS) are given, whereas in the case of the remaining 365 pairs only one spectral type, followed by the same designation, is given. This may be the spectral type of one component, or the integrated one. Therefore, the whole sample is divided into two subsamples: one containing 67 binaries with both Sp given and the other containing 365 binaries where this is not the case. The two subsamples will be examined separately.
Having the orbital elements at our disposal, in particular the period P and the semimajor axis a, and the new trigonometric parallax (van Leeuwen 2007), we calculate the dynamical total masses applying Kepler's third law for the whole sample of 432 visual binaries. The input data used in this calculation are presented in Table 1 ; the two subsamples are separated by a double line. When identifying the stars from our sample in addition to the HIP number we also use the number from WDS, the discoverer's name, and component designation.
Since Table 1 is very large, only a part of it is given herewith; the full table can be found at the journal's site. For the purpose of calculating astrophysical total masses we need the photometric data. In WDS we do not find the apparent magnitude for the secondary for two binaries only. In the case of 21 binaries (≈ 5%) in SPMDC the magnitude difference is not given, whereas the total magnitudes cannot be found in Hipparcos for two systems (HIP 9640 and HIP 70327) . In both these cases the total magnitude is given for the pairs AB, but we consider the BC pairs since we have their orbital elements. For those in SPMDC pairs where more than one magnitudedifference value is given, we use the mean value.
We apply two approaches. In the first oneherein referred to as Approach I -the input data are m t and ∆m = m B − m A , whereas the individual magnitudes are calculated by using the well-known formula (Heintz 1978, p.28) :
In the second one -referred to as Approach II -the individual WDS magnitudes m A and m B are applied directly. The reason why we do so is firstly, to examine the reliability of the photometry and secondly, because the photometric data, we need, are not available for a small fraction of our sample. Thus we have two sets of individual apparent magnitudes between which some small differences are found. Their influence on the results will be commented below. The two sets of individual apparent magnitudes are converted into the corresponding sets of individual absolute magnitudes. As earlier, the new trigonometric parallaxes are applied. In both cases the interstellar extinction is neglected since we deal with stars close to the Sun. The next step is to calculate the masses of the components via the mass-luminosity relation. The particular form of this relation adopted here is that proposed by Angelov (1993) which uses the absolute bolometric magnitudes. It has been applied successfully previously in estimating star masses based on their luminosity (Olević et al. 2003 , Olević and Cvetković 2004 , 2005a , 2005b , Cvetković and Novaković 2006 , Cvetković 2008 , Cvetković et al. 2008 . We assume the bolometric correction (BC) values according to Kulikovskij (1985, p.246) . In the case of the subsample of 67 binaries, BC is applied for each component according to the given Sp, whereas in the case of the subsample of 365 binaries, we assume BC according to the estimated Sp. By applying the mentioned mass-luminosity relation and adding the obtained individual masses we obtain the astrophysical total masses.
RESULTS
The first question concerns the uncertainty of the apparent magnitudes. For this purpose the apparent magnitudes from Approach II are plotted against those from Approach I, for each subsample separately. It is seen that for both subsamples ( Fig. 1 ) this dependence follows a straight line very closely. There are only a few secondaries where the apparent magnitudes obtained from the two sources show a substantial difference. For instance, the largest difference in the apparent magnitude for a secondary ∆m B : calculated (Approach I) and taken from WDS (Approach II) is equal to ∆m B =m B (I)-m B (II)=5.84 for HIP 47080. In SPMDC for this pair only one ∆m is given and its value is much smaller than the value of the difference of the individual apparent magnitudes available in WDS (see Table 1 ). We find another significant difference in the apparent magnitudes of the secondary. It concerns HIP 16649 where ∆m B attains 3.10. The catalogue apparent magnitude indicates for this star a lower brightness Binney and Merrifield (1998) . Binney and Merrifield (1998) .
than that obtained by applying (1). This pair is of B9.5V spectral type, thus a rather hot star, so that an error in the estimate of the individual apparent magnitudes is quite possible. Finally, the root mean square (rms) of the residuals between the magnitudes resulting from the two approaches is for both subsamples lower for the primaries (0.08 -smaller subsample and 0.03 -bigger subsample) than for the secondaries (0.13 -smaller subsample and 0.07 -bigger subsample).
The application of the mass-luminosity relation requires the stars to belong to MS. Therefore, using the absolute visual magnitudes and spectral types we construct the corresponding HR diagram. In the case of the subsample of 67 binaries, since the spectral types are available for both components, each of the two versions of HR contains both the primaries and the secondaries (Fig. 2) . The two versions correspond to the two approaches: a) Approach I, b) Approach II. The curves passing through the points are obtained by means of the dependence between the absolute visual magnitude and spectral type according to a table from Binney and Merrifield (1998) . The points are concentrated around the curves for Approach II; filled squares -primary components; the curve follows the dependence given in Binney and Merrifield (1998) .
sufficiently closely. As can be seen from the figure, the difference between the two approaches is very small. The scatter is affected, among others, by the errors in the trigonometric parallax. Its influence does not differ between the two approaches because the same parallaxes are used. The rms of the residuals between the absolute magnitudes (theoreticalours) resulting from the two approaches are: 0.29 (primaries, Approach I), 0.37 (secondaries, Approach I), 0.26 (primaries, Approach II) and 0.39 (secondaries, Approach II). The same is also presented in the case of the subsample of 365 binaries (Fig. 3) containing the primaries only. In this figure we see a very similar situation as in Fig. 2 . The rms of the residuals between the absolute magnitudes (theoretical-ours) resulting from the two approaches are: 0.18 (Approach I) and 0.17 (Approach II). In this case, with regard that only one spectral type is given, we cannot be sure whether it concerns the primary indeed, or, perhaps, this is the integrated spectral type. This, combined with the parallax, contributes additionally to the scatter seen in Fig 3. The spectral type of the components can be also estimated on the basis of their visual absolute magnitudes. For about 40% of the binaries from the subsample containing 365 ones the difference of the individual visual apparent magnitudes (both taken directly or calculated) m A and m B is significant; in particular ∆m > 0.7, being also the difference between the corresponding absolute magnitudes. The spectral types of the components are found on the basis of the dependence visual absolute magnitude versus spectral type as earlier Binney and Merrifield (1998) . The results are given in Table 2 . For a majority among the 365 pairs the spectral type of the primary found by us and that given in WDS are very close to each other. Since Table 2 is very large, only a part of it is given herewith; the full table can be found at the journal's site.
3
In order to examine the values of the astrophysical masses we plot them versus the spectral type. In the case of the subsample containing 67 binaries, the mass of each component is given for both approaches (Fig. 4) . In that of the subsample containing 365 binaries only the masses of the primaries are presented (Fig. 5) for both approaches. It is seen that in all these cases the dependence of the mass on the spectral type also follows closely the trend presented by the curve drawn on the basis of the corresponding dependence given by Binney and Merrifield (1998) . The rms of the residuals are in the case of the smaller subsample, 0.13 for the primaries in both approaches, and 0.19 (Approach I), 0.21 (Approach II) for the secondaries. In the case of the bigger subsample, the corresponding values are 0.11 (Approach I) and 0.10 (Approach II), respectively. The unit is the solar mass. II is sum of two preceding masses and M dyn is the dynamical mass of the pair; asterisk means large discrepancy between astrophysical and dynamical total masses and m -multiple star. The agreement between the component masses obtained by using the two approaches for the subsample of 67 binaries can be seen in Fig. 6a , i.e. in Fig. 6b for the subsample of 365 binaries. An immediate consequence is a good agreement between the total masses obtained by using the two approaches. This can be seen in Table 3 . The rms of the residuals are in the case of the smaller subsample 0.03 for the primaries and 0.04 for the secondaries. In the case of the bigger subsample, the corresponding values are 0.01 and 0.02, respectively. The unit is the solar mass.
Since Table 3 is very large, only a part of it is given herewith; the full table can be found at the journal's site.
4
The comparison of the total masses obtained astrophysically and dynamically is seen in Fig. 7 and Fig. 8 and the data are given in Table 3 . The cases where the difference between the two masses of a pair is significant, are indicated by an asterisk. There are a few cases in which the dynamical mass exceeds 100 solar masses; then no value is given, instead there is the sign >. Table 3 is composed of three parts separated by a double line; the first part concerns the subsample of 67 binaries, the second one concerns the subsample of 365 binaries for which no significant differences between the two masses are found, and the last one concerns the same subsample, but those binaries where these differences are significant (indicated by asterisk). One binary is not represented in these two plots because its dynamical mass is beyond the limits of the plots (first part of Table 3 ). In the case of the subsample of 365 binaries - Fig. 8a (astrophysical mass from Approach I) and Fig. 8b (astrophysical mass from Approach II) -the scatter is apparently larger which is more contributed by dynamical masses. Here we also find binaries not represented in the plots because of their too large dynamical masses (third part of Table 3 ). As we have seen from the comparison, the results for the total astrophysical masses in both subsamples show that it is almost unimportant which approach is applied. Therefore, the plots presented in Figs. 7a and 7b , i.e. 8a and 8b, do not differ very much. The rms of the residuals are in the case of the smaller subsample 0.49 (Approach I) and 0.82 (Approach II). In the case of the bigger subsample the corresponding values are 2.63 and 2.56, respectively. The unit is the solar mass.
The large deviations of the dynamical total masses from the astrophysical ones (indicated by asterisk) appear in cases when such a binary belongs to a multiple star (in Table 3 indicated by m), has a low parallax (generally unreliable), or its orbit is of a low quality (grade G = 3, 4, 5). In addition, these influences can be combined. (Table 3) .
A correlation between the orbit grade and relative error of the parallax is found. This correlation is shown in Fig. 9 . It is clearly seen that, on the average, for orbits of low quality the relative parallax error is high. Now, the scatter of dynamical masses in Fig. 8 can be more easily understood. It is largely a consequence of low quality of both orbits and parallaxes. In the third part of Table 3 , orbit grades 4 and 5 prevail and parallaxes less than 10 mas are very frequent.
In the cases where we have orbits of high quality (grade 1, 2) and reliable parallaxes, the agreement between the astrophysical and dynamical total mass of a pair is generally very good (see Table 3 ). Therefore, the mass-luminosity relation assumed here appears sufficiently correct.
DISCUSSION AND CONCLUSIONS
The comparison of the two approaches shows no essential difference as to whether the individual magnitudes are taken directly from a catalogue or they are calculated from the total magnitude and magnitude difference. Therefore, it is of no influence on the results which approach we use. This fact is important because there are, in general, many binaries for which the magnitude difference is not available or, on the other hand, there are cases where the apparent magnitude of the secondary is not given. The dynamical total masses found here for the whole sample, show a very high dispersion attaining in some, though rare, cases either extremely high or extremely low values. The reason is, evidently, in observational errors. Almost in all these cases the orbital elements are classified with bad grades, and the trigonometric parallaxes are very small, near the observational accuracy limit. A correlation is found between the orbit grade and relative parallax error. Taking also into account the well-known fact that the determination of the total mass via Kepler's third law is very sensitive to the inaccuracy of the parallax, as well as to that of the orbital elements, it becomes quite clear why the mass interval, covered by the dynamical total masses, is so wide to include sometimes unrealistic values. The parallax influence on the mass determination is examined also by plotting the modulus of the mass difference (dynamical and astrophysical) versus parallax (Fig. 10) . As seen from Fig. 10 , very high mass differences are typical for low parallaxes.
One may infer that the trigonometric parallaxes are generally sufficiently reliable inside of about 100 pc from the Sun. This inference concerns the new Hipparcos parallaxes as well. The spectral types estimated by us for the 365 pairs belonging to the larger sample are more or less close to the spectral type given in WDS.
A general conclusion is that the astrophysical data (photometry and spectroscopy) are subject to a significant noise, especially in the case of the secondaries where both apparent magnitudes and spectral types, as a rule, are much less certain than in the case of the primaries.
Besides, such comparisons of the total masses, as done here, may help in distinguishing the visual binaries with sufficiently reliable parallaxes, and orbital elements of sufficiently high quality. They can then be used in further statistical analyses.
